Nephrin is an Ig-like transmembrane protein. It is a major component of the podocyte slitdiaphragm and is essential for maintaining normal glomerular permeability. CD2-associated protein (CD2AP) is also necessary for normal glomerular permeability and is a putative nephrin adapter molecule. Here we document that nephrin and CD2AP are linked to the actin cytoskeleton. As detected by western blot analysis, nephrin and CD2AP were both insoluble when cell membranes from normal rat glomeruli were extracted with 0.5% Triton X-100 at 4°C in the presence of divalent cations but were solubilized when the extraction included KI to depolymerize F-actin. In addition, a small fraction of the solubilized nephrin and CD2AP were recovered in the low-density fractions of OptiPrep TM flotation gradients, which indicates that a portion of nephrin, possibly associated with CD2AP, resides in a cholesterol-or sphingolipid-rich region of the plasma membrane.
Introduction
It is 27 years since Rodewald and Karnovsky's classic description of the slit-diaphragm as a zipper-like membrane with a central rod-like structure connected to neighboring podocyte foot processes by horizontal bars that border rectangular pores (19) , but only very recently has information on its function, composition and possible molecular structure begun to emerge. Thus, it is now generally accepted that the slit-diaphragm is the final barrier to plasma protein filtration, and several proteins that contribute to its composition have been identified.
Nephrin, a member of the immunoglobulin superfamily (Ig-SF) of transmembrane cell adhesion molecules, is a major structural component of the slit-diaphragm (20). It is mutated in certain forms of congenital nephrotic syndrome (11, 20) , and it is also the target of mAb 5-1-6, a nephritogenic monoclonal antibody that binds to an epitope of nephrin in the slit diaphragm of rats (10, 16, 27) .
CD2-associated protein (CD2AP), a ubiquitous adapter that appears to link Ig-SF membrane proteins to the actin cytoskeleton (3) , is essential for normal glomerular permeability and was found to bind to the cytoplasmic tail of nephrin when expressed in a heterologous cell system (24) . Other proteins, including P-cadherin (18) , the protocadherin, FAT (8) , podocin (7) and ZO-1 (23) , may also contribute to the slit-diaphragm and its connection to the cytoskeleton, however the molecular interactions that govern the assembly of these various subunits into a functional filter remain largely unknown.
We have found that substantial amounts of nephrin and CD2AP remain insoluble after glomerular cell membranes are extracted with low concentrations of non-ionic detergents in the cold. This might signify that the proteins are complexed with the cytoskeleton or that nephrin resides in socalled lipid rafts, a fraction of membrane lipids that are rich in cholesterol and sphingolipids and are relatively insoluble in nonionic detergents at 4°C (14, 26) . In fact, these are not mutually exclusive possibilities and there is reason to believe that nephrin may be linked to actin and reside in lipid F-00290-2001.R1 5 rafts (26, 27) . Although many lipid raft-associated proteins are anchored to the outer plasma membrane by glycosyl-phosphatidylinositol (GPI) or to the inner leaflet by acylation, palmitoylation or direct association with cholesterol, there are several examples of raft-associated transmembrane proteins (25) . Indeed, the situation with nephrin may be analogous to CD2, another Ig-SF protein that resides in lipid rafts and is linked to the T-cell cytoskeleton by CD2AP (3, 30) .
In this study, we examined the detergent insoluble fraction of glomerular cell membranes to determine if nephrin and CD2AP are associated with the actin cytoskeleton and/or lipid rafts. We found that nephrin and CD2AP became detergent soluble when conditions favored the depolymerization of filamentous (F)-actin. In addition, after release from the actin cytoskeleton, a fraction of nephrin became buoyant in density gradients suggesting that it also is associated with lipid rafts.
Experimental procedures
Animals, Antibodies and Reagents. Rabbit antibody to the complete cytoplasmic domain of mouse nephrin (6) was a gift from Dr. Larry Holzman (University of Michigan, Ann Arbor, MI) and was used for all western blots. A rabbit anti-nephrin antibody was produced by immunization with a 21 amino acid peptide (DRD TRS STV STA EVD PNY YSC) from the C terminus of rat nephrin (Alpha Diagnostics, San Antonio, TX). This peptide is part of the cytoplasmic tail of rat nephrin as deduced from its cDNA sequence (9) with the addition of a terminal cysteine to facilitate conjugation to KLH. It is conserved between rats and mice and has low homology to other known proteins. At dilutions up to 1:5000, this antibody identified a double band at 185 kDa on western blot analysis of an extract of rat glomeruli. No other bands were present. This antibody was used for all immunofluorescence studies. Rabbit anti-CD2AP was a gift from Dr. Andrey Shaw The pellet containing glomerular membranes was suspended in the same buffer and stored at -80°C. The supernatant of the 50,000 g centrifugation containing cytosolic proteins was stored separately at -80°C.
Detergent Extraction of Glomerular Membranes. Glomerular membranes were thawed on ice and 60 µl aliquots were incubated for 30 minutes at 4°C or 37°C in either TNE buffer (50 mM TrisHCl, pH 7.5, 150 mM NaCl, 5 mM EDTA, and PI) or PNM buffer (20 mM phosphate, pH 7.2, 10 mM NaCl, 1.5 mM MgCl 2 , and PI) with 1% Triton X-100 (v/v). In some cases, 1 M potassium iodide (KI) was included to depolymerize F-actin (1, 13 Samples were centrifuged at 60,000 g for 2 hours at 4°C and six gradient fractions of 360 µl were collected from the top to the bottom. Proteins were recovered by methanol precipitation (29) 
Results
Nephrin and CD2AP are associated with the detergent-insoluble fraction of glomerular cell membranes. Nephrin was insoluble when glomerular cell membranes were extracted with 1% Tx-100 at 4°C in the presence of the divalent cation, Mg 2+ , and was detected almost exclusively in the Tx-insoluble pellet (Fig. 1A, lanes 1 and 2) . This is consistent with linkage to the cytoskeleton and/or association with lipid rafts. Since lipid rafts are liquid at 37°C, one would expect nephrin to become soluble in 1% Tx-100 at 37°C if this were the only explanation for its insolubility at 4°C.
As shown in Fig. 1A (lanes 3 and 4) , nephrin remained insoluble in Tx-100 at 37°C. Nephrin was partly solubilized by Tx-100 at 4°C in the absence of Mg 2+ (Fig. 1A , lanes 5 and 6), a condition known to favor the depolymerization of F-actin. These findings suggest that nephrin is anchored to the cytoskeleton, but they do not exclude the possibility that it is also incorporated into lipid rafts.
Since CD2AP contains an actin-binding domain (3) and has been shown to bind to the cytoplasmic tail of nephrin (24), we examined if both proteins could be released from the Tx-insoluble pellet by depolymerizing actin. This was achieved by including KI in the extraction buffer (Fig. 1B) . In the presence of 1.5 mM MgCl 2 , nephrin, CD2AP and actin were largely insoluble at 4°C in Tx-100 (Fig. 1B, lanes 1 and 2) . Addition of 1 M KI to the extraction buffer at 4°C partly depolymerized actin and solubilized nephrin, CD2AP and actin (Fig. 1B, lanes 3 and 4) . It is evident that the amount of protein loaded in lanes 3 and 4 of Figure 1B is greater than in lanes 1 and 2 despite equal-sized aliquots of cell membrane in the starting material. This is because a substantial amount of the Tx-insoluble pellet (in the absence of KI) remains insoluble after boiling in SDS sample buffer, whereas most of the sample is solubilized when actin is depolymerized first with KI.
Therefore it is impossible to make an accurate quantitative comparison between the extractions with and without KI. Nonetheless, lane 1 of Figure 1B Sequential fractionation and extraction of glomerular lysates was performed to determine the relative proportions of nephrin in various cellular compartments. The experiment was performed in triplicate and the amount of sample added to each lane was adjusted to maintain proportionality with the starting material. Sufficient protein was loaded to permit densitometric quantitation of each fraction. As shown in Figure 2 , there is a significant cytoplasmic pool of nephrin (19 ± 1.5%) but the major fraction of nephrin is membrane-associated (81 ± 1.5%) and largely insoluble in 1% Tx-100 at 4°C (52 ± 2.0%). In accord with the results shown in Figure 1 , 28 ± 2.1% of the membrane fraction remained in the insoluble pellet after extraction with Tx-100 and KI. This fraction nephrin could not be solubilized by further extraction with Tx-100 and KI at 4°C (not shown), which suggests that it resides in a detergent resistant membrane fraction (lipid raft).
Nephrin and CD2AP partition with low-density fractions of Tx-100-treated glomerular cell membranes after depolymerization of actin. In addition to their insolubility in low concentrations of Tx-100 at 4°C and solubility at 37°C, lipid raft-associated proteins float in the low-density fractions of Optiprep TM gradients (22) . In contrast, detergent-soluble and actin-associated proteins are found in the high-density fractions at the bottom of the gradients. After treatment of glomerular cell membranes with 1% Tx-100 at 4°C, nephrin and CD2AP were mostly located in high-density fractions (Fig. 3A) . As expected, after treatment with Tx-100 at 37°C in the absence of KI, nephrin and CD2AP were located in the high-density fractions exclusively (Fig. 3B) . In contrast, when actin was depolymerized with KI, both nephrin and CD2AP were found in low-as well as high-density fractions after treatment with Tx-100 at 4°C (Fig. 3C) . Caveolin-1, a marker of lipid rafts, was also detected in the low density fractions (Fig. 3C) . Notably, after incubation in Tx-100 at 37°C with KI, nephrin, CD2AP and caveolin-1 shifted towards the high-density fractions (Fig. 3D) . It is noteworthy that a small amount of actin also floated into the low-density fractions with nephrin and F-00290-2001.R1 11 CD2AP after Tx-100 at 4°C with KI ( Fig. 3C ) and shifted towards high-density fractions at 37°C (Fig. 3D) . These results indicate that a fraction of cell membrane nephrin is associated with detergent-insoluble lipids and that this fraction is also bound to actin. In addition, a portion of actinbound CD2AP is also associated with lipid rafts, possibly as part of a complex with nephrin.
Depolymerizarion of F-actin and extraction of cholesterol alter nephrin and CD2AP solubility and distribution in tissue sections.
Unfixed cryosections of normal rat kidney were treated with KI to depolymerize F-actin and with MβCD to deplete cell membranes of cholesterol prior to staining for nephrin, CD2AP, actin and CD59. Untreated, Tx-100-and MβCD-treated sections exhibited intense fluorescence for F-actin of glomerular peripheral capillary loops and mesangium and as well as tubular brush borders when stained with phalloidin-FITC ( Fig. 4A and 4B ). Inclusion of KI in the incubation buffer abolished phalloidin-FITC staining ( Fig. 4C and 4D ), which indicates that F-actin was effectively depolymerized. CD59, a GPI-linked membrane protein that is known to be present on podocytes, was used as a control for lipid raft-associated proteins (5). The glomeruli of Tx-100 treated sections stained brightly for CD59, and this was largely eliminated after cholesterol extraction with MβCD ( Fig. 4E and 4F ). Untreated and Tx-100-treated sections demonstrated bright peripheral capillary loop staining for nephrin in an interrupted linear pattern with a polyclonal antibody to the cytoplasmic tail (Fig. 5A ). This staining was markedly diminished by treatment with Tx-100 + KI (Fig. 5B) . Treatment with MβCD + Tx-100 slightly reduced the intensity but did not alter the pattern of staining for nephrin (Fig. 5C ). In contrast, depletion of cholesterol with MβCD followed by extraction with Tx-100 + KI substantially reduced the staining intensity and pattern of nephrin (Fig. 5D ). Treatment with Tx-100 had no effect on the staining of glomeruli with anti-CD2AP (Fig. 5E ), but the addition of KI greatly reduced the intensity of staining for CD2AP (Fig.   5F ). When the kidney sections were pre-fixed with paraformaldehyde and then treated with KI, staining for nephrin and CD2AP was preserved (not shown), which indicates that the KI-induced loss of staining in unfixed tissues was not simply due to altered immunoreactivity. These results further demonstrate that nephrin and CD2AP are resistant to extraction by Tx-100 at 4°C unless F-
12 actin is depolymerized. The results with MβCD indicate that cholesterol depletion effectively solubilizes CD59, a known raft-associated protein, but cholesterol depletion alone has only a small effect on nephrin. Moreover, the ability to extract nephrin and CD2AP with Tx-100 and KI in the absence of MβCD, is consistent with the results shown in Figure 3C , and suggests that only a small fraction of membrane-associated nephrin is situated in lipid rafts.
The results of IF were further analyzed quantitatively. As compared to PBS alone, Tx-100 produced a slight but significant decrease in the relative luminosity of nephrin (35.1 ± 5.6 vs. 28.7 ± 5.4, p < 0.05) but had no effect on CD2AP. The effects of temperature and F-actin depolymerization on the Tx-100 solubility of nephrin and CD2AP are shown in Table 1 . In the presence of Tx-100, there was a modest but significant decline in the staining intensity of nephrin at 37°C as compared to the values at 4°C. Tx-100 + KI at 4°C considerably reduced the intensity of nephrin staining and there was a further decline to background levels when the Tx-100 + KI extraction was carried out at 37°C. In contrast, staining for CD2AP was greatly reduced by KI but the incubation temperature had no significant effect. Table 2 shows the effects of cholesterol depletion with MβCD. In the presence of Tx-100 MβCD induced a small but significant reduction in nephrin staining as compared to Tx-100 alone. However, the addition of MβCD + Tx-100 + KI substantially reduced the intensity of nephrin staining. CD2AP staining was unaffected by MβCD but was markedly reduced by addition of KI.
Discussion
Although the role of the slit-diaphragm in regulating glomerular permeability is now recognized, its precise structure and composition have not been fully established. Among the key questions that remain is how the slit-diaphragm is attached to the podocyte foot process and anchored in place.
This is relevant because the slit-diaphragm may be disrupted or dislocated in proteinuric diseases (2, 12, 17) . In addition, nephrin shifts from its usual interrupted linear pattern on immunofluorescence to a clustered granular pattern during the development of proteinuria induced F-00290-2001.R1
13 with mAb 5-1-6, a monoclonal antibody that identifies an epitope on the external domain of nephrin (9, 27) . This feature, together with the presence of putative phosphorylation sites on the internal domain of nephrin suggests that it may form part of a signaling complex that can respond to external stimuli. In support of this was the recent demonstration that nephrin may exist in specialized cell membrane domains called lipid rafts, which are known to be hosts to a number of cell signaling molecules that cluster when cross-linked by ligand or antibody (26) . Furthermore, in co-transfection experiments, Huber et al showed that nephrin phosphorylation and signaling are facilitated by binding to podocin, a putative membrane anchored and raft-associated protein that is mutated in late-onset congenital nephritic syndrome (7).
It has been proposed that the cytoplasmic tail of nephrin, like other transmembrane Ig-SF members, is anchored to the actin cytoskeleton of podocyte foot processes, while the external, highly glycosylated, Ig-like domain forms the slit diaphragm and regulates glomerular permeability (28).
The finding that CD2AP binds the C-terminus of nephrin supports this view because CD2AP is known to posses an actin-binding region and has been shown to link CD2 to the cytoskeleton in lymphocytes (3). However, to date there has been no evidence that nephrin is bound to actin, either directly or via an adapter such as CD2AP. Nephrin itself has no predictable binding domains for actin or other adapter proteins, but its relative detergent insolubility and the fact that we found actin peptides in anti-nephrin immunoprecipitates (27) further suggest that such a link exists.
The studies reported here clearly document that nephrin is bound to actin. Thus, nephrin can be released from the detergent-insoluble, actin-containing pellet of glomerular cell membranes under conditions that are known to depolymerize F-actin. These include KI and exclusion of divalent cations, as well as DNase I and ATP (not shown). These same conditions solubilized CD2AP from the cytoskeletal pellet. Thus, Figure 1 shows that nephrin and CD2AP were both solubilized together with actin by KI. This was further demonstrated in tissue sections. Whereas low concentrations of Tx-100 alone had no effect on nephrin or CD2AP staining ( Fig. 5A and 5E ), the
14 addition of KI completely abolished F-actin (Fig. 4C ) and rendered both nephrin and CD2AP highly extractable with Tx-100 ( Fig. 5B and 5F ). Although these studies provide strong evidence that nephrin and CD2AP are associated with glomerular cell actin, it remains uncertain if CD2AP acts as a scaffolding protein to link nephrin to actin. It remains possible that nephrin attaches independently to CD2AP and actin or that some other adapter is responsible for the nephrin-actin association.
Our results also confirm that at least a portion of membrane-associated nephrin exists in lipid rafts.
The most compelling evidence of this is shown in Figure 3 , which shows that nephrin was retrieved in low-density, caveolin-containing fractions of an OptiPrep TM gradient. However, this occurred only after it was released from the actin cytoskeleton with KI at 4°C (compare Figures 3A and 3C ), which indicates that the raft-associated fraction of cell membrane nephrin is also linked to the cytoskeleton. The phase shift in membrane lipids induced by raising the extraction temperature to 37°C caused nephrin to be recovered predominantly in high-density fractions even in the presence of KI (Fig. 3D) , another feature of raft-associated proteins. It is interesting to note that CD2AP and a small amount of actin were also recovered from low-density fractions in the presence of KI at 4°C (Fig. 3C ). This suggests the possibility that nephrin, CD2AP and monomeric actin floated as a lipid raft-associated complex after release from polymeric actin. However, we cannot exclude the possibility that CD2AP itself is attached to the endoplasmic leaflet of lipid raft domains by acylation or palmitoylation, or that it is bound to some other raft-associated transmembrane protein.
Additional evidence that raft-associated nephrin is linked to actin was obtained by examining tissue sections that had been depleted of cholesterol with MβCD in the absence or presence of KI.
Whereas MβCD + Tx-100 had only a small (but significant effect) on the intensity of nephrin staining ( Fig. 5C and Table 2 ), incubation with MβCD + KI almost completely abolished staining for nephrin (Fig. 5D ).
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Our findings show that nephrin in normal rat kidney is attached to the cytoskeleton and that the bulk of it traverses a relatively cholesterol-poor, detergent-soluble region of the podocyte plasma membrane. This region probably includes the attachment site of the slit-diaphragm. This is consistent with the findings of Orci and colleagues who showed, using filipin labeling and freeze fracture electron microscopy, that there is an abrupt fall in the cholesterol content of the podocyte plasma membrane at the level of the slit diaphragm, the apical membrane having a high level and the basal membrane being relatively depleted of cholesterol (15) . We suggest that a small pool of nephrin normally resides in lipid rafts in the apical membrane adjacent to the slit-diaphragm, and that the clustering of nephrin seen when proteinuria is induced with mAb 5-1-6 (9) may represent a shift into this pool as nephrin is released from its attachment to actin. This would be in keeping with the observation of Fujigaki and colleagues who showed by immunogold electron microscopy that injected mAb 5-1-6 was localized at the filtration slits at 2 hours, and by 12 hours had moved onto the apical plasma cell membrane of the foot processes where it formed patch or cap-like clusters (4) . The subsequent fate of the nephrin-mAb 5-1-6 complexes remains uncertain. Our previous studies suggest that endocytosis into lysosomes is one route of disposal (10), but it is possible that the complex may be shed from the plasma membrane or that nephrin may shift back into the slitdiaphragm as the antibody dissociates and permeability recovers. ANOVA P = 0.0001; ‡ P < 0.05 vs. Tx-100; § P < 0.05 vs. Tx-100 + MβCD (Scheffe). 
